A design methodology for obtaining versatile interface modes in monolithic structures is discussed. These modes are then utilized in conjunction with total internal reflection modes for phase-matching second-harmonic generation (SHG) in periodic layered media in Al x Ga 1−x As material system. Typical loss values of 2.71 cm −1 for a TE-polarized pump and 4.26 cm −1 for a TM-polarized pump around 1550 nm were obtained. Nonlinear characterizations are carried out using 2 ps, 30 ps, and a continuous wave pump for type-I and type-II interactions. Maximum SHG conversion efficiency of 1.14 × 10 4 % W −1 cm −2 is observed for the type-II process with a pump power of 0.52 mW in a sample with a length of 2.0 mm.
INTRODUCTION
Efficient second-order nonlinear processes in compound semiconductors, particularly GaAs∕Al x Ga 1−x As, have been studied utilizing different phase-matching (PM) techniques. Methods such as form birefringence [1] , high-Q resonant cavities [2] and quasi-phase matching [3] have been implemented to achieve PM in different material systems. Despite their capability to demonstrate tabletop optical parametric oscillation [4] , these methods fail to allow for monolithic integration of frequency conversion elements and active devices, including diode laser pumps, photodetectors, and semiconductor amplifiers. Recent studies have demonstrated a PM technique enabled by Bragg reflection waveguides (BRWs) [5] . In BRWs, PM is achieved between the interacting modes guided by different mechanisms, namely, total internal reflection (TIR) and transverse Bragg reflection (TBR). BRW PM is particularly attractive as a robust platform for the monolithic integration of low-loss passive and active elements [6] . This technique has demonstrated various χ 2 processes such as second-harmonic generation (SHG), difference (DFG), and sum frequency generation (SFG) in monolithic waveguides [7] [8] [9] , entangled photon generation [10] , and optical parametric generation in laser diodes [11] .
While BRWs have provided a novel route for PM χ 2 nonlinearities in semiconductors, the method is associated with some limitations and can benefit from further optimization. For instance, in conventional quarter-wave BRWs (QtWBRWs), the core thickness is restricted to a few hundreds of nanometers, resulting in a poor confinement factor combined with a degraded spatial overlap factor between the modes of the interacting waves and challenges in the light in-coupling efficiency. Moreover, in quantum optical applications, where entangled photons are generated through spontaneous parametric downconversion, the state of the entangled photons resulting from this process and the quality of entanglement can be engineered through control of properties of the three interacting waves, namely, the pump, signal, and idler. One of the most powerful means of exercising control over the pump, signal, and idler is to have them propagate in three separate modes. This can provide a superior level of control over their properties, including dispersion and birefringence, among others [10, 12] . Having TIR and BRW modes coexisting with another type of mode in the same structure can enable this control.
D'yakonov waves belong to one type of interface modes (IMs), which was predicted theoretically in 1988 [13] and demonstrated experimentally by Takayama et al. [14] . D'yakonov waves occur at the boundary between two transparent media and can take place in several configurations involving an isotropic material and a uniaxial or biaxial homogeneous medium, under positive birefringence conditions. Combinations of materials with such stringent requirements are poorly suited to monolithic integration and require stringent structural parameter tolerance to meet the D'yakonov wave criteria [15] . Tamm modes are also IMs that are supported by structurally chiral materials, relaxing the homogeneity condition in the direction normal to the interface [16] . Both D'yakonov waves and Tamm modes have potential applications in sensing as well as waveguiding. However, due to their restrictive material requirements, their monolithic integration with other devices is challenging. Bloch IMs are another type of IMs that exist at the boundary of a homogenous medium and a periodic layered medium, as shown in Fig. 1(a) , or two periodic layered media, as illustrated in Fig. 1(b) [17] . As seen in these figures, the same structures that accommodate propagation of the TIR modes and Bragg modes discussed, for example, in [18] can also support optical modes that exist at the interface between the periodic cladding and the core. These are based on IMs, which we previously reported [19] . Interface mode waveguides (IMWs) could be utilized in a similar fashion to what has been carried out in the past utilizing BRWs to facilitate efficient three-wave mixing and to provide an additional degree of freedom for alleviating the limitations associated with conventional BRWs when used in PM applications.
In this paper, a new class of modes and the design methodology associated with obtaining this versatile class of IMs in monolithic structures are discussed. Phase-matching second-order nonlinearity in these structures is then elucidated. After, the observation of a second-order nonlinear interaction employing this new class of IMs, in the Al x Ga 1−x As material system, is demonstrated. SHG is used here to demonstrate the potential of IMs in three-wave mixing processes. Nevertheless, the technique can be utilized for other three-wave mixing processes, including SHG and DFG.
BLOCH INTERFACE MODES
The modal properties of Bloch IMs in multilayer media will first be reviewed, and their potential for integrated photonics applications will then be discussed. The simplest cases of electromagnetic Bloch surface modes take place at the interface of a semi-infinite periodic layered medium and a homogenous medium and also at the interface of two semi-infinite periodic layered media, which can be seen in Figs. 1(a) and 1(b), respectively [17] . In the figures, the periodic stack is composed of dielectric layers with material indices n 1 and n 2 and associated thicknesses of t 1 and t 2 with periodicity Λ t 1 t 2 . The semi-infinite homogenous layer has an index of n h . It is assumed that propagation is in the z direction in which the general solution of the wave equation is ψx; z; t ψx expiωt − βz;
where ω is the angular frequency, β k 0 n eff is the propagation constant, k 0 is the wavenumber in free space, n eff is the effective mode index, and ψx is the field envelope in the transverse direction, along the x axis. For TE polarization, the nonzero field components are H x ; E y ; H z with ψx E y . For TM polarization, the field components are E x ; H y ; E z with ψx H y [17] .
Another variation of IMs can occur at the boundary of semiinfinite periodic media with a high refractive index cap layer and a homogeneous medium. Such a structure is capable of guiding TIR modes as well as IMs [19] . A schematic of such structure is shown in Fig. 1(c) , where the cap layer is assumed to have a refractive index of n cap with a thickness of t cap . The field equations inside the layers of this structure can be written as
where Δ j;1 t cap jΛ − t 2 , Δ j;2 t cap jΛ j 1; 2; …, and a cap and a − cap are the field amplitudes of the right and left traveling waves in the cap layer. For the modes discussed here, the field inside the homogenous layer with refractive index n h is evanescent. As such, the right propagating field amplitude within the homogenous layer vanishes, a h 0. Moreover, the magnitude of the left propagating field amplitude within the homogenous layer can be considered as unity: 
Utilizing the cap layer between the homogenous medium and the Bragg stack as a design parameter allows one to tailor the accumulated phase in the layer with index n h . This can then be used to render the effect of the periodic stack to resemble that of a QtW stack. In this case,
where u, v 0; 1; 2; …. Imposing the constraint of QtW offers the advantage of maximizing the evanescent field decay rate within the stack. In addition, this allows for analysis of this structure to proceed using analytical formalism, while assuming that QtW Bragg mirrors are utilized irrespective of the stack dimensions. The modes for a representative example for a structure similar to the schematic described in Fig. 1 (c) using a QtW periodic stack are shown in Fig. 2 . Using the QtW periodic stack offers the remarkable feature of pinning the field at the boundary of the cap layer and the Bragg reflector at x t cap , so that it is allowed to either vanish (node) or peak (antinode). In the former case, the Bragg reflector acts as a perfect electric wall, where the tangential component of the electric field vanishes at the interface between the cap layer and the periodic stack. In this case, the amplitudes of the right and left propagating plane waves inside the cap layer should cancel out such that a cap a − cap 0. In contrast, the latter case resembles a perfect magnetic wall, where the first-order derivative of the electric field vanishes at x 0 dictating that a cap − a − cap 0. Using this behavior for the case of a QtW stack and employing the field amplitudes in 3, one can readily derive the dispersion relation of TE propagating IM in the structure of Fig. 1(c) as
Similarly, for TM polarization, modal dispersion can be written as
The dispersion relations of the example structure shown in Fig. 2 are plotted in Figs. 3(a) and 3(b), for TE and TM polarization, respectively. The dispersion diagrams show shaded regions where the states of the Bragg stack reside. The gaps within these regions represent bandgaps in the optical states, where no modes take place for the stack parameters used. In these diagrams, there exists also the light lines for the materials with the largest and smallest refractive indices within the structure. Those correspond to the cap and homogenous (core) layer refractive indices, respectively. It can be seen from the figures that interface and TIR modes are present. The TIR modes exist outside of bandgap region of the stack, while the IMs reside within the photonic bandgap of the stack. The TIR modes are not bound by the multilayer periodicity and, hence, reside above the light line of the cap layer (highest index layer) and below the light line of the homogenous core layer (smallest index layer). These modes are guided in the cap layer, as they have an oscillatory field in the cap and evanescent field in the homogenous core. The IM mode are Bloch IMs guided by the multilayer periodicity. Their indices reside above the light line of the cap layer, corroborating that this mode exhibits an evanescent field in the core region in agreement with the field distributions in Fig. 2 . There is a set of two modes for the TE and TM polarizations: the zero-and first-order modes for the parameters of this structure.
It is useful to note that the IMs at the boundary of a homogenous medium and a multilayer stack are also referred to as surface modes and have been used in numerous applications to date [16] . However, the design alternative that employs the cap layer discussed here benefits from an additional degree of freedom in device design. It has been shown that the cap layer of a periodic multilayer stack affects the position of surface modes within the band structure [20] , hence controlling the dispersion properties of the modes. Studies have already taken advantage of this cap layer for more sensitive and more flexible sensors [21] [22] [23] .
A. Interface Mode Waveguides
An IMW can be designed by bringing together two identical IM structures, as shown in Fig. 4 . This results in a symmetric structure that supports the propagation of two IMs, which, when brought in close proximity of one another, can couple. These modes take place at the interfaces between the cap layers and left-and right-hand QtW stacks. In this design, which will be referred to as IMW, the homogenous medium plays the role of the waveguide core. In contrast to conventional TIR waveguides, the modal field in this class of waveguides is evanescent in the core. The amplitudes of the right and left propagating plane waves within the core of the structure shown in Fig. 4 , a h
and a − h , are defined at the waveguide center at x 0. Due to the symmetry of the structure studied here and without loss of generality, one can assume that a h a − h 1∕2 or a h −a − h 1∕2. The former case deals with even modes, while the latter is related to modes with odd spatial symmetry. Here, we focus on analyzing even modes, as we are most interested in the fundamental mode of the structure. However, the analysis can be easily extended to odd modes. Using the transfer matrix method, one can relate a
where q x c k 0 n 2 eff − n 2 c q is the real-valued wave vector within the core. Applying the boundary conditions at the interface of the cap layer with QtW Bragg reflectors yields the modal dispersion of IMWs. For TE polarization, the modal dispersion can be expressed as
Similarly, for TM polarization, the dispersion relation can be expressed as coth q x c t c ∕2 cotk
Equation (9) can be solved to determine the required thickness of the cap layer, which guarantees that the bilayers of the Bragg stacks are QtW thick. As such, for TE polarization, t cap can be derived as
where p 0; 1; 2; … is the scaling factor of the cap layer thickness, which can take various values, and ζ is a real valued parameter defined as
Using Eq. (10), for TM polarization the cap layer thickness is calculated according to
The modes for a representative example of a structure similar to the schematic described in Fig. 4 using a QtW periodic stack are shown in Fig. 5 . The resemblance to the fields observed in single-sided examples given in Fig. 2 is evident; however, now the core region is bound by a Bragg stack from either side. In the cases where the core size is smaller than the wavelength of operation, the IMs on either side of the core couple strongly. This eliminates the odd modes, and only the even modes take place in such structures. Eliminating the odd modes assists with fundamental mode discrimination, which is useful in using these structures as the core for a single transverse mode in diode lasers [6] . The figure also shows the field distribution of the TIR mode, which exists alongside the IMs in this structure. The effective index of the IM and the TIR modes are shown in red and blue dashed lines, respectively, superimposed on the index profile of the structure.
The band structures of both polarizations are plotted in Fig. 6 . TIR and IMs coexist in this structure. The TIR modes are not bound by the multilayer periodicity and, hence, reside above the light line of the cap layer (highest index layer) and below the light line of the homogenous core layer (smallest index layer. These modes are guided in the cap layer, as they have an oscillatory field in the cap and evanescent field in the homogenous core. This structure supports only a zero-order IM in both polarizations. The IM modes are guided by the multilayer periodicity; hence, their indices reside above the light line of the cap layer, corroborating that this mode exhibits an evanescent field in the core region in agreement with the field distributions in Fig. 5 .
The dispersion of IMWs is similar to those of Bragg modes investigated in [24] . The main difference arises from the fact that the range for the IM effective index values is different from that of Bragg modes. In BRWs, the field is nonevanescent within the core as well as the cladding. This constrains the range of the effective mode index to 0 < n eff;BRW < n min ;
where n min is the minimum refractive index of the structure, including the core and bilayers of the Bragg mirrors. However, for the coupled IM studied here, the field is evanescent in the core; hence, the mode effective index is limited by the core refractive index as n c < n eff;IM < n min :
In much the same way that the modes in BRW with a cap between the Bragg stacks and the core provided more tuning parameters and, hence, more flexible design capabilities than those in BRW without a cap [24] , IMW using the capped periodic media offers greater degrees of freedom over their conventional noncapped counterpart. This can enable better control over group velocity dispersion (GVD) and group velocity mismatch (GVM) for ultrafast pulse propagation applications. However, they can offer this control using structures that exhibit significantly lower optical losses in comparison to approaches that provide dispersion engineering utilizing 2D photonic bandgap waveguides [25, 26] .
PHASE-MATCHING INTERFACE MODE WAVEGUIDES
Efficient three-wave mixing processes require the PM condition between the interacting waves to be maintained. For SHG devices in Al x Ga 1−x As, which will be the material of choice in this work, two processes, namely, type-I and type-II, can be phase-matched. In type-I PM, the k vector of the TE-polarized pump is matched to that of the TM-polarized second-harmonic wave. In type-II PM, the k vectors of a pump mode with hybrid TE TM polarization states are matched to a second harmonic with TE polarization state. The PM conditions of these two scenarios are expressed as 
where n TE eff;ω and n TM eff;ω are the effective mode indices of fundamental TE-and TM-polarized pump modes, respectively, and n TE eff;2ω and n TM eff;2ω are those of the second-harmonic (SH) signal. As a case study, consider the type-II SHG of a pump (ω) at 1550 nm, which generates a second-harmonic (2ω) at 775 nm. Figures 7(a) and 7(b) illustrate the index profiles of the structure at the pump and second-harmonic wavelengths. The dashed lines in the two figures denote the effective mode indices for a structure where PM is achieved. The structure consists of a core layer, followed by a cap layer on either side followed by Bragg reflectors satisfying the QtW condition for the pump wavelength. The field profiles of the TE-and TM-polarized pump modes and TE-polarized SH are shown in Figs. 7(c) and 7(d), respectively. Two types of modes with different types of confinement coexist at two different frequencies in the same structure. The device can be designed such that it accommodates fundamental modes of each type, TE and TM polarized, which are guided via TIR at the pump wavelength and a TE-polarized coupled IM at the SH wavelength.
In the calculations of the structure properties, the TIR modes can be studied using the same equations employed for the calculation of the IMW. In reality, the effective mode index of TIR modes resides somewhere between the core index and the cladding indices and is, hence, confined within the two caps and core layers through TIR. Using the design methodology in [19] , given the core thickness, the structure refractive indices, and the thickness of the cap, the thicknesses of the bilayers composing the periodic cladding can be determined for the QtW condition. The following procedure describes the route used for designing phase-matched waveguides that utilize IMs for SH generation:
1. Define and discretize the range of effective mode indices, N eff;2ω ∈ n core;2ω ; n min;2ω where n min;2ω denotes the smallest refractive index within the structure at secondharmonic wavelength.
2. For each mode index n eff;2ω ∈ N eff;2ω , calculate the transverse wave vector, k x j , j ∈ f1; 2; capg, according to k
q , where k 0 is the wave vector in free space.
3. Using the QtW condition of k
, obtain the thicknesses of the bilayers of the Bragg reflectors.
4. Use the dispersion relations in [19] to calculate the corresponding cap layer thickness for both TE and TM IMs.
5. With the index and thickness values obtained, calculate the effective mode indices of the TE-and TM-polarized TIR modes at pump wavelength.
6. Use the PM conditions in Eq. (16) to determine the phase-matched structure parameters.
WAVEGUIDE OPTIMIZATION FOR ENHANCED NONLINEAR INTERACTION
Several process parameters can be tailored in order to maximize second-order nonlinear conversion. The most important parameter is the nonlinear coupling efficiency, ξ. This parameter defines how effectively energy is coupled between the pump and SH modes. By definition, the nonlinear coupling efficiency for a phase-matched SHG process can be defined as [27] 
where t eff SHG is the effective SH width, n eff is the effective mode index, and dx denotes the spatial dependence of bulk effective second-order nonlinear coefficient of the layers. The calculation of dx is based on a work by Ohashi et al. [28] , in which reflected SH was used to experimentally determine the dependence of the magnitude of dx on wavelength and the aluminum concentration in Al x Ga 1−x As.
A measurable parameter that is often used as a figure of merit to determine the efficiency of a SHG device is the normalized conversion efficiency, η norm , defined as
where P ω and P 2ω are the internal pump and SH powers, respectively, L is the device length, d eff is the structure effective nonlinear coefficient, and ϵ 0 and μ 0 are, respectively, the permittivity and permeability of free space. The device length also plays a role in the conversion efficiency. However, this effect is usually counteracted by the propagation losses in waveguides; hence, the normalized conversion efficiency, η norm , is the widely adopted merit to gauge the performance of the SHG process.
In choosing the layer thicknesses and Al concentrations for a practical Al x Ga 1−x As structure, several considerations are taken into account; the Al fraction in AlGaAs is limited in practice at the lower end to x 0.2 due to increased two-photon absorption for smaller x factors [29] . It is also limited at the upper end to x 0.85 to reduce the adverse effects of the rapid oxidization that takes place at high Al concentration. In what follows, the layer thicknesses and Al concentrations are referred to as t i and x i , where i ∈ f1; 2; cap; coreg for the first and second cladding layers adjacent to the cap layer, the cap layer, and the core layer, respectively.
The normalized conversion efficiency is studied as a function of x for all layers as well as the core thickness. The most dominant changes in the conversion efficiency lead to it, assuming its maximal value occurred in the parameter space of t core ; x 2 ; therefore, η norm was plotted as a function of these parameters. The contour plots of the normalized conversion efficiency as a function of the core thickness and the Al concentration of layer 2 with a refractive index n 2 layer for both type-I and type-II PM are provided in Figs. 8(a) and 8(b) , respectively. From the figures, the normalized conversion efficiency for both PM schemes can be maximized over a practical range of core thicknesses in the region of 100 nm. The choice of parameter ranges was based on the capability of the structure to support phase-matched modes and the aforementioned design limitations.
From Fig. 8 , it can be seen that, for a fixed value of the core thickness, the conversion efficiency increases as x 2 increases. This can be attributed to the increase in refractive index contrast between the cladding layers, n 1 and n 2 , which further confines the SH mode. This higher refractive index contrast, in turn, gives rise to enhanced nonlinear coupling efficiency, ξ. However, for a fixed value of x 2 , there exists a local maximum in the value of the conversion efficiency. For smaller core thickness values, the first negative lobes of the SH mode are significant, so that most of the wave energy is concentrated in these lobes, away from the three layers that constitute the core, where modal overlap between the pump and SH is greatest. For larger core thicknesses, especially for lower x 2 , the SH mode becomes less confined. The addition of side lobes, including those with the opposite sign to that of the TIR, is a factor that reduces the overlap between the two modes and, hence, the conversion efficiency. As such, there exists a point at which these two effects give rise to an optimum core thickness for a maximal attainable conversion efficiency for the range of parameters used in the design.
The temporal walk-off between the pump and SH in pulsed SHG is another significant parameter that plays an important role in increasing the nonlinear interaction and, hence, the process efficiency. GVM is a measure of this temporal walkoff. Minimizing GVM leads to more efficient nonlinear interaction between the interacting pulses in the case of pulsed pump. By definition, GVM is quantitatively expressed as
where n g;ω and n g;2ω are the group indices of the pump and SH, respectively. A contour plot of the GVM as a function of x c ; x cap for type-I PM is shown in Fig. 9 . From the figure, the minimum GVM occurs at x c ; x cap 0.8; 0.35 with a value of 2.6354 ps∕mm. For example, for using a 30 ps pulsed pump, the useful device length is limited to ≈1.1 cm before severe temporal walk-off between the pump and SH pulses takes place. Another salient parameter, which is particularly relevant in ultrashort pulse applications, is the GVD. Apart from the undesirable pulse distortion that results from GVD, a reduction in the pulse peak power due to pulse broadening will further reduce nonlinear conversion efficiency. Minimizing GVD is, thus, essential for enhanced second-order interactions in cases of a femtosecond pump. By definition, the GVD at ω σ angular frequency is given as
where β ω σ is the propagation constant of the optical mode at ω σ , and c is the speed of light in free space. Figures 10(a) and 10(b) illustrate the dependence of GVD on the Al concentrations of the core and cap layers obtained at the pump and SH frequencies, respectively. From the figures, it can be seen that the GVD of the SH propagating as a IMW mode is larger than that of the pump mode for the entire range of x c ; x cap . This larger GVD for the SH signal was expected, as the propagation of the IM relies on the resonance of the Bragg reflectors. Moreover, the material dispersion is larger at the SH wavelength.
It would be informative to compare nonlinear parameters of interest in the IMWs discussed here with those previously reported in phase-matched BRWs [18, 24] . Tables 1, 2 , and 3 provide a summary of such comparison obtained for type-I SHG in each device. In Table 1 , each design aims at maximizing the normalized conversion efficiency. From the table, the maximum η norm is obtained for the matching layer-based BRW (ML-BRW) design in [24] , which was approximately an order of magnitude larger than those in conventional QtW-BRW and IMW. Contrary to the case of conventional QtW-BRWs [18] , where there is a trade-off between η norm and GVD 2ω utilizing IMW modes benefits from the fact that enhanced conversion efficiency does not have to be at the cost of a greater GVD. Table 2 compares the IMW design to the ML-BRW design in [24] where the GVM has been maximized. From the table, it can be deduced that, for similar GVM values, the design of ML-BRW benefits from larger conversion efficiency. Additionally, Table 3 draws a similar comparison where the SH GVD has been maximized. From the table, it can be seen that, for comparable GVD 2ω , conversion efficiency of the IMW device is superior to that of the ML-BRW design.
The optimization results discussed here indicate that the IMWs are capable of delivering efficiencies of the same order of magnitude as those obtained in conventional QtW-BRWs [18] . 
DEVICE STRUCTURE AND FABRICATION

DEVICE CHARACTERIZATION
The devices linear properties were measured using the FabryPerot method [30] . A tunable distributed feedback laser source was tuned around the pump wavelength of 1550 nm, and device losses were extracted. The lowest loss values were recorded for a ridge width of about 2.76 μm with estimated loss values of 2.71 cm −1 and 4.26 cm −1 for TE and TM polarizations, respectively. The Fresnel reflection coefficient at the waveguide facets was estimated to be 26%. The input coupling factor defined as the spatial field overlap between the incident pump beam and the excited TIR pump mode was determined to be 18%. The length of the sample was ≈2.0 mm. Table 4 provides a summary of the examined SHG parameters, including PM wavelength (λ PM ), FWHM pump spectral bandwidth (Δλ p ), internal pump power (P ω ), internal SH power (P 2ω ), SHG wavelength acceptance bandwidth (Δλ SHG ), normalized nonlinear conversion efficiency (η norm ), and the ratio Δλ Δλ SHG ∕Δλ ω . The best performing waveguides were then characterized for SHG using three different laser systems, namely, (1) a programmable laser from Genia Photonics Inc. generating pulses with 30 ps temporal width (Δτ) at 15 MHz repetition rate; (2) an OPO synchronously pumped by a mode-locked Ti:sapphire laser generating 2 ps pulses at 76 MHz repetition rate; and (3) a tunable single-mode continuous wave laser. The characterization was carried out in an end-fire coupling setup.
The tuning curve for all three sources is shown in Fig. 11 . From the figures, for type-I and type-II processes, clear peaks in the SH power around ≈1534 nm and ≈1546 nm, respectively, are evident, indicating phase-matched processes at these wavelengths. The nature of the detected upconverted signal was confirmed by monitoring its power as a function of the pump power. The result is shown in Fig. 12 where the SH power versus pump power is plotted on a log-log scale. The solid line in the figure is a linear fit with an extracted slope of ≈2 confirming the quadratic relation between P 2ω and P ω . The conversion efficiency is proportional to the peak powers obtained from the three sources. Efficiency is highest for the 2 ps source and lowest for the CW source. However, the ratio between the conversion efficiency values is smaller than the ratio of the peak powers. This difference in the ratios originates from nonlinear losses associated with two-photon absorption. The excess losses associated with two-photon absorption of the pump in the pulsed regime counteracts the increase in the peak power and clamps the conversion efficiency. Also, examining the difference in device performance using the 2 and 30 ps pulses is informative. From Table 4 , it can be seen that changing the pulse width from 30 to 2 ps affected η norm only by a factor of ≈2. Although the temporal pulse widths of 30 and 2 ps laser systems were different by over an order of magnitude, the duty cycles of the pulses were within the same orders of magnitude. For the 30 ps laser, the pulse duty cycle was 4.5 × 10 −4 while it was 1.5 × 10 −4 for the 2 ps laser. Assuming nearly transform-limited pulses, for comparable pump powers, the peak powers in 30 and 2 ps systems were within the same order of magnitude. Hence, the generated SH should be comparable.
Spectra of the pump and SH are shown in Fig. 13 using the 2 and 30 ps pulses. Comparison of the pump spectral bandwidth, Δλ ω , and the wavelength acceptance bandwidth, Δλ SHG , measured for the three pump laser systems, can provide additional information about the device properties. We consider the ratio Δλ Δλ SHG ∕Δλ p as a figure of merit indicating the portion of the pump spectra utilized in the SHG process. Using Table 4 , for 30 ps pulses, the entire pump spectrum is utilized. However, when using the 2 ps pulsed pump, almost half the pump spectral width was utilized. This observation additionally explains the fact that the efficiency of the device using a 2 ps pulsed pump was not significantly different in comparison to the 30 ps pulsed system.
The conversion efficiency values achieved using IMs in this work are an order of magnitude smaller in comparison to those achieved so far by BRWs [7] ; hence, further optimization could improve the current design for phase-matching TIR and coupled IMs. Comparing the device here with other phase-matched structures in AlGaAs is also noteworthy. For example, in [31] , frequency doubling of a continuous wave telecommunication pump has been reported where CW conversion efficiency of ≈14% W −1 cm −2 was obtained in a modal phase-matched AlGaAs nanowire. To the best of our knowledge, the higher conversion efficiency in this material system has been observed in artificial birefringence devices, where the extracted CW NL efficiency was as high as 1.12 × 10 3 % W −1 cm −2 [32] . IMWs could also be utilized in conjunction with Bragg modes to offer further flexibility for some applications. The addition of a third, new type of mode supported in the same structure, where the Bragg and TIR modes exist, provides the opportunity to explore three-wave mixing processes other than second-harmonic generation; these include SFG and DFG, which could be achieved with better optimization of the three types of modes semi-independently. The modal overlap Type-I Fig. 11 . Dependence of second-harmonic power on pump wavelength obtained using (a) 2 ps pulsed laser; (b) 30 ps pulsed laser; and (c) continuous wave laser for type-I and type-II phase matching. between Bragg modes and IMWs is better than that of the TIR mode with either the IMW or the Bragg mode. This improved modal overlap leads to greater nonlinear conversion efficiency for second-order nonlinear processes. Furthermore, the process bandwidth tunability, afforded by using IMWs to control the waveguide properties, is more accessible and versatile. This can be a key parameter in applications where the quantum optical properties of photons need to be engineered [12] . This platform can also play a key role in sensing applications [33] .
CONCLUSION
We have proposed, theoretically analyzed, and experimentally demonstrated the behavior of IMWs for second-order nonlinear interactions. The waveguide structures in which these modes propagate have been fabricated, and linear and nonlinear properties of the modes have been examined. A conversion efficiency of 1.14 × 10 4 % W −1 cm −2 has been achieved for type-II phase matching of a second-harmonic-generation process. 
